Introduction
Chronic inflammatory diseases, such as inflammatory bowel disease (IBD), juvenile idiopathic arthritis (JIA), and atopic dermatitis (AD), are heterogeneous clinical disorders representing a major public health issue (1) . Current treatments suppress but do not cure disease, and there is still a fundamental gap in our understanding of how inflammation persists. Assessment of the immunological profile in the peripheral blood (PB) may provide only a partial picture of the mechanisms triggering and maintaining organ-specific chronic inflammation. Local T cells may play a major role in the development of disease chronicity; however, identity and dynamics of T cells as well as their functional differentiation in local inflammatory environments are still largely unexplored. CD8
+ T cells have all of the features that can potentially play a key role in inflamed tissues: they can be cytotoxic and proinflammatory, react to self-antigens upon crosspresentation, develop regulatory properties, and be retained and maintained in the tissues (2) . However, for a long time, CD8 + T cells have been neglected in chronic inflammatory diseases, and their functional programming at the target site of inflammation has yet to be investigated.
An overrepresentation of the CD8
+ T cell subset is found in the brain of multiple sclerosis (MS) patients (3) and the synovium of patients with rheumatoid arthritis (RA) (4), JIA (5) , and psoriatic arthritis (PsA) (6) . In this study, as a model for investigating inflammation-instructed CD8 + T cell functional specialization, we used the target site of inflammation of JIA (i.e., the synovium). Synovial fluid-derived (SF-derived) CD8 + T cells have been shown to display a mixed pro-and antiinflammatory phenotype (4, 7) as well as intrinsic resistance to regulation by Tregs (8, 9) . Additionally, these T cells upregulate negative costimulatory markers, such as PD-1 and TIM-3 (4, 10), typically overexpressed in environments characterized by chronic antigen-driven stimulation (11) . Upregulation of negative costimulation on CD8 + T cells, indeed, has been previously associated with exhaustion, meaning loss of effector function, in cancer as well as infectious diseases (11, 12) . In this context, effector functions can be restored via PD-1/PD-L1 pathway inhibition (13, 14) , and this is confirmed by the evidence that anti-PD-L1 agents are considered promising therapies in a wide range of malignancies (15) . PD-1 expression has been shown to be elevated on T cells obtained from the SF of patients with inflammatory (4), but not nonautoimmune, arthritis (i.e., osteoarthritis) (16) , raising the question of whether this subset represents an effector rather than a functionally impaired cell subset. However, in chronic inflammatory diseases, it appears counterintuitive for PD-1 + CD8 + T cells to be impaired in function and cytotoxic activity, given that they derive from the site with actively ongoing inflammation. 
CD8
+ T cells were enriched for a tissue-resident memory (Trm) cell transcriptional profile and demonstrated increased clonal expansion compared with the PD-1 -counterpart, suggesting antigen-driven expansion of locally adapted cells. Interestingly, this subset was also found increased in target tissues in other human chronic inflammatory diseases. These data indicate that local chronic inflammation drives the induction and expansion of CD8 + T cells endowed with potential detrimental properties. Together, these findings lay the basis for investigation of PD-1-expressing CD8 + T cell targeting strategies in human chronic inflammatory diseases.
PD-1 + CD8 + T cells are clonally expanding effectors in human chronic inflammation this unique subset is locally clonally expanding and may therefore have detrimental effects in human organ-specific chronic inflammatory diseases. Together, these data may provide the rationale for investigation of therapeutic strategies targeting local PD1-expressing CD8 + T cell subsets in chronic inflammation.
Results

Transcriptional profiling identifies a highly activated subset of PD-1 + CD8
+ T cells at the target site of inflammatory arthritis. As a model to investigate specific CD8 + T cell identity at the site of chronic In this study, by using several different techniques to evaluate transcriptional, functional, and metabolic phenotypes as well as the T cell receptor repertoire, we investigated whether PD-1-expressing CD8 + T cells from chronically inflamed tissue sites show signs of exhaustion or terminal differentiation or, rather, show increased effector function. We here demonstrate that, at the target site of human chronic inflammatory diseases, a specific subset of highly activated PD-1-expressing CD8 + T cells are induced, enriched for both an effector and tissue-resident memory (Trm) cell transcriptional profile. Furthermore, we show that from SF-JIA were significantly enriched in pathways associated with activated cells, such as cell-cycle regulation and chemokine and cytokine signaling as well as IL-12 signaling ( Figure 1G ). Selected genes upregulated in the PD-1 + subset from SF are shown in Table 1 Figure 6) , showing that the effector profile observed in PD-1 + cells is not driven by the memory phenotype itself. These data show that PD-1-expressing cells enriched at the site of inflammatory arthritis are a specific subset of CD8 + T cells endowed with an activated phenotype.
PD-1-expressing CD8
+ T cells from the target site of inflammatory arthritis are enriched for an "effector" and not an "exhaustion" profile. To investigate the possibility that PD-1-expressing CD8 + T cells from SF-JIA are exhausted, we compared their gene expression profile with the known expression signature of exhausted cells using gene set enrichment analysis (GSEA) (17) . We showed that the gene signature of previously described exhausted CD8 + T cells from HIV patients with progressive disease (18) 
CD8
+ T cells ( Figure 2B ) had an expression profile that was enriched for signature effector CD8 + cell genes (19) and genes associated with cell proliferation (Figure 2C Immune cell differentiation and function depend on the activation of specific metabolic pathways: quiescent T cells geninflammation, we collected SF from JIA patients (SF-JIA), which is an exudate accumulating in the joint of patients during the active disease state. CD8 + T cells in SF-JIA were increased in frequency compared with those in the PB of JIA patients (PB-JIA), but not with the PB of healthy control children (PB-Ch) or the PB of healthy control adults (PB-HC) (Supplemental Figure 1A ; supplemental material available online with this article; https://doi. org/10.1172/JCI96107DS1). In SF-JIA, effector memory CD8 + T cells were the predominant subset, followed by CD8 + terminally differentiated effector memory (CD8 + Ttemra) cells and by small fractions of central memory and naive CD8 + T cells (Supplemental Figure 1B) , which is similar to what was previously described in RA patients (4) . Of note, markers that further characterize the differentiation status of CD8 + T cells, such as CD28, CD27, and CD127, were comparable between PB-HC and PB-JIA and therefore are not age dependent (Supplemental Figure 2) . 
+ T cells from SF were almost exclusively memory cells (i.e., CD45RO + ), while the only CD45RO -CD8 + T cells present in SF were found within the PD-1 -compartment ( Figure 1B ). However, a larger proportion of PD-1 -cells were found to be CD8 + Ttemra cells compared with the PD-1 + fraction (24.4% versus 9.2%), meaning that, despite the different level of differentiation, the PD-1 + and PD-1 -subsets in SF are both predominantly made by memory cells ( Figure 1C) .
To further investigate the phenotype of PD-1-expressing CD8 + T cells enriched at the site of inflammation, whole-transcriptome sequencing analysis was performed on sorted PD-1 + and PD1 -CD8 + T cells from SF-JIA and PB-HC. As expected, the hierarchical clustering showed a cut-off separation between PB-HC and SF-JIA samples (Supplemental Figure 3) . Principal component analysis (PCA) confirmed these data, additionally showing a better-defined segregation between PD-1 + and PD-1 -CD8 + T cells in SF compared with PD1
+ and PD1 -in PB ( Figure 1D ). Interestingly, a much higher number of differentially expressed genes between PD-1 + and PD-1 -CD8 + T cells was found in SF-JIA (i.e., n = 436) compared with PB-HC (i.e., n = 29; Figure 1E ). Therefore, although these CD8 + T cells are derived from the same inflammatory environment and have a memory phenotype in common, PD-1 expression seems to define a unique CD8 + T cell subset in SF-JIA. K-mean analysis revealed a cluster of 173 genes that was selectively upregulated in the PD-1 + subset from SF-JIA when compared with PD-1 -cells from SF-JIA and PD-1 + and PD-1 -cells from PB-HC ( Figure 1F) . Interestingly, upregulated genes in PD-1 + CD8
+ T cells rate (ECAR) with extracellular flux (XF) technology (Seahorse Bioscience). In the exhaustion setting, PD-1 is known to regulate metabolism by inhibiting glycolysis (25) . Consistent with the effector cell phenotype that we found in SF, PD-1 + CD8 + T cells showed increased glycolysis compared with the PD-1 -subset from the same site ( Figure 2E ). erate energy (i.e., ATP) primarily in their mitochondria via oxidative phosphorylation, while effector cells engage anaerobic glycolysis, converting glucose into lactate (23, 24) . To further support the evidence that PD-1 + CD8 + T cells from SF-JIA are not exhausted, we analyzed the level of glucose consumption in these cells by measuring the ex vivo extracellular acidification Furthermore, we attempted to define whether PD-1 signaling was functional in SF. The PD-1 pathway was triggered by coculturing SF-derived PD-1 + with anti-CD3/CD28 beads in the presence of the anti-PD-1 agonist (Supplemental Figure 8 ). Both GzmB and IFN-γ production were reduced upon PD-1 ligation, indicating that effector PD-1 + CD8
+ T cells induced at the site of chronic inflammation of JIA can, at least in part, respond to PD-1 triggering ex vivo.
Taken together, these findings indicate that PD-1-expressing CD8 + T cells are endowed with typical features of effector, but not exhausted, cells at the transcriptional, metabolic, and functional levels.
PD-1-expressing CD8 + T cells at the target site of inflammation of different human chronic inflammatory diseases display a Trm profile.
Trm cells have been recently described as a resting memory cell subset expressing CD69, stably residing in tissues, with a critical role in local immunosurveillance (26) (27) (28) . Although the SF-derived cells by definition are not tissue resident -they are isolated from
We further assessed PD-1 + CD8 + T cell properties by performing a short nonspecific stimulation with PMA/ionomycin. This showed an increased expression of proinflammatory (i.e., IFN-γ and TNF-α) cytokines by PD-1 + compared with PD-1 -CD8 + T cells ( Figure 2F ). Furthermore, PD-1 + cells were found to produce elevated levels of the cytotoxic enzyme GzmB both ex vivo and upon in vitro stimulation ( Figure 2G ). Finally, PD-1 -CD8 + T cells from SF-JIA were sorted and plated in the presence of anti-CD3/CD28 stimuli. After 40-hour TCR stimulation, 42.8% ± 25.7% PD-1 -cells turned PD-1 + , while the leftover cells remained negative for PD-1 (data not shown). Interestingly, ex-PD-1 -cells that turned PD-1 + showed an effector phenotype (i.e., elevated production of IFN-γ and GzmB) compared with cells that remained negative for PD-1 ( Figure 2H ). These data indicate that PD-1 + CD8 + T cells are induced by TCR stimulation and have a superior proinflammatory and cytotoxic potential compared with their PD-1 -counterparts. (29) exudate and not from tissue -we were wondering whether they may share some characteristics, especially since PD-1 and other negative costimulatory markers (such as CTLA-4, ICOS, and TIG-IT) have been shown to be upregulated on Trm cells in mice (29) and humans (30) . In our setting, CD69 + CD8 + T cells were present at a high frequency in SF compared with PB of the same patients ( Figure 3A) , and PD-1 expression was higher on total CD69
+ compared with CD69 -CD8 + T cells in SF ( Figure 3B ). Moreover, CD69 Figure 3G ). We also found that the signature of PD-1 + cells from SF was partially shared with the one from human tumor-specific CD8 + tumor-infiltrating lymphocytes (TIL) (34) , with a trend toward enrichment with genes upregulated in CD8 + TIL from melanoma patients and no enrichment in either of the 2 subsets for downregulated genes (Supplemental Figure 10 ). These data demonstrate an overlapping profile between PD-1-expressing CD8 + T cells in SF and Trm cells, suggesting that inflammation may be one of the drivers of the Trmassociated phenotype. Furthermore, expression levels of Hobit, the master regulator of Trm cell development in mice (35) , were similar between SF-derived PD-1 + and PD-1 -cells and lower when compared with PB-derived CD8 + T cells and NKT cells from HC (data not shown), indicating that Hobit is not a transcription factor selective for SF-derived PD-1 + CD8
+ T cells in humans. We then determined whether similar features were evident in tissues obtained from patients with chronic inflammatory diseases, such as AD and IBD. Immunohistochemistry on histological sections of the lesional skin of 3 patients with AD showed that a large fraction of CD8 + T cells present in the dermis coexpressed PD-1 (Supplemental Figure 11A) . Serial sections from the same AD patients were stained for the Trm cell marker CD69, showing its ubiquitous expression in lesional infiltrates (Supplemental Figure  11A ). Approximately half of Trm cells present in the dermis coexpressed PD-1. Sections of nonlesional skin were stained as well, but very few CD8 + cells were present (Supplemental Figure 12) . Similar results were also obtained from the site of inflammation of IBD patients with active disease (n = 3 Crohn's disease and n = 1 ulcerative colitis), i.e., the colonic mucosa, where, in the macroscopically inflamed gut mucosa, PD-1
+ T cells were elevated compared with PB-HC and almost exclusively expressed by Trm CD8α Figure 4A ). For instance, in patient no. 4 ( Figure 4A ), 52% of the TCR diversity is explained by 28 clones in the PD-1 -fraction, but only 4 clones in the PD-1 + fraction. This was confirmed by analysis of the clonal proportion, showing that the top 10 most expanded clones account for 25% to 70% of the repertoire of PD-1 + cells and for 20% to 25% of that of PD-1 -cells ( Figure 4B ). Additionally, we found that the TCRV28 chain is preferentially used by all CD8 + T cells from SF, with no specific skewing of the V repertoire in PD-1 +
CD8
+ T cells ( Figure 4C ). When we tested the presence of shared unique TCR clones between PD-1 + and PD-1 -cells, we surprisingly found that their frequency was extremely low compared with the total number of identified clones (Venn diagrams in Figure 4D + T cells are clonally expanded, we tested the expression of TNFRSF9 (i.e., CD137), described as regulating CD8 + T cell clonal expansion and associated with recent TCR-triggered activation (36) as well as the length of telomeres, known to shorten along with cell division and differentiation (37) . PD-1 + CD8 + T cells showed higher mRNA expression levels of TNFRSF9, and despite the overall low detection level, higher intensity was evident in PD-1 + compared with PD-1 -cells at a protein level ( Figure 4E ). Additionally, telomere length analysis showed shorter telomeres of PD-1 + compared with PD-1 -CD8 + T cells from SF in 3 out of 4 samples ( Figure 4F ). In 1 patient, the telomere had such a short length already that no differences between the PD-1 + and PD-1 -subsets could be detected ( Figure 4F ). In 1 JIA patient (i.e., no. 5), we could obtain PD-1 + and PD-1 -CD8 + T cells from 2 different inflamed joints involved during active disease. A clear increased overlap of TCR sequences between joints was found in PD-1 + but not PD-1 -cells (245 vs. 109 respectively; Figure 4G ), indicating that the expansion occurring endowed with tumor-specific effector properties in human melanoma metastasis (43) . A few reports also show a positive correlation between PD-1 and Ki-67 in the periphery of virally infected macaques and humans (44, 45) . Interestingly, chemokines such as CCL3 and CCL4, which are upregulated in PD-1-expressing CD8 + T cells from SF, are known to be highly released by effector HIV-specific cells from HIV long-term nonprogressors (symptom-free patients who don't require antiretroviral therapy) (46) . Therefore, PD-1, rather than being a marker of exhaustion or activation, seems to define a subset of antigen-experienced cells whose functional properties are influenced by the location and determined by the environment they are exposed to. This was supported by the finding that PD-1 expression was found elevated on CD8 + T cells localized at the target sites of different chronic inflammatory diseases, such as the synovium of JIA patients, the inflamed skin of AD patients, and the gut of patients with IBD. Confirming previous reports (11, 40, 47) , our data indicate that, at the target site of chronic inflammatory diseases, an exhausted phenotype does not mean complete loss of function, but rather functional adaptation and development of expansion capacity and possible memory features. In this context, it would be interesting to explore whether the DNA methylation program acquired along with the development of the exhaustion profile in tumorinfiltrating PD-1 hi CD8 + T cells (48) is shared by locally expanding PD-1-expressing CD8 + T cells in chronic inflammatory diseases. Although it is certainly possible that within the PD-1 population there are some exhausted cells, our data show that the PD-1 subset seems to be enriched for cells with an effector/proinflammatory phenotype that also has low numbers of CD8 + Ttemra cells. In addition, the high percentage of PD-1 + CD8 + T cells expressing GzmB, TNF-α, and IFN-γ suggests that the PD-1 + CD8 + T cell subset in SF seems to be a relatively homogeneous population of locally accumulating effectors.
To assess whether PD-1 expression is only driven by the inflammatory milieu or depends on an antigen-driven component as well, we examined SF-derived PD-1 + and PD-1 -CD8 + T cell clonality. PD-1 + CD8
+ T cells displayed a clonal TCR compared with the diverse PD-1 -counterpart from the same site, supporting the idea that this subset is driven by antigen specificity, despite the fact that no specific restriction of the TCRBV segment is observed. The evidence that few clones were shared between PD-1 + and PD-1 -cells suggests that both cell subsets might only in part derive from common progenitors. Therefore, it is possible that CD8 + T cells in SF originate from clones present in the periphery that have specifically expanded in the synovium. Indirect evidence was provided by the increased expression of a surrogate marker of antigen-specific CD8 + T cells (i.e., TNFRSF9) and by the shortened telomere length, indicating a possible local clonal expansion toward cognate antigen or antigens at the site of inflammation. This hypothesis was supported by the evidence that, in the PD-1 + compartment only, different sites of inflammation within the same patient displayed elevated TCR sequence overlap. This is in line with data in type 1 diabetes showing that self-reactive cells with the highest self-antigen affinity express the most PD-1 (49) and that gut-derived natural intraepithelial cells expressing PD-1 include strongly self-reactive clones and are restricted by classical major histocompatibility complex molecules (50) .
at different sites of inflammation in the PD-1 + subset may be driven by common antigen or antigens.
Together, these data show that PD-1-expressing CD8 + T cells represent a distinct population of cells undergoing clonal expansion, possibly toward specific antigen or antigens selectively at the target sites of human inflammatory arthritis.
Discussion
CD8
+ T cells localizing at the target site of chronically inflamed tissues undergo local differentiation, which may be driven and influenced by different factors, such as the tissue inflammatory state and the type of antigen or antigens. To date, little is known about the functional specialization that CD8 + T cells develop at the target sites of inflammation, and consequently, it is yet undetermined whether standard or experimental therapies can reshape or even resolve the inflammatory responses occurring at these sites. Elucidating these mechanisms might open new therapeutic avenues for clinical application.
In cancer and infectious diseases, also characterized by a state of chronic stimulation, CD8
+ T cells undergo a well-described tumor or viral antigen-driven process of differentiation characterized by PD-1 upregulation and progressive loss of effector properties, described as exhaustion (11, 12) , which can be efficiently rescued by inhibiting the PD-1/PD-L1 pathway (13) (14) (15) . PD-1 is not the sole marker of exhausted cells, and enrichment of PD-1 + T cells does not per se mean "exhaustion." Indeed, 2 studies showed that the transcriptional signature reflecting CD8 + (but not CD4 + ) T cell exhaustion enables the prediction of a better prognosis in individuals with chronic inflammatory diseases (38, 39) . However, recent studies suggest that it may not be a pure loss of function, but more a sign of functional adaptation to the chronically inflamed milieu (11, 40) . In this study, the role of PD-1-expressing CD8 + T cells from the target site of human chronic inflammatory diseases was dissected to explore whether these cells show signs of exhaustion or rather undergo a site-specific adaptation.
PD-1 + CD8 + T cells from SF-JIA clearly showed upregulation of pathways associated with effector but not exhausted phenotype, which was confirmed by GSEA and by the elevated proliferative capacity of PD-1 + CD8 + T cells from SF. Moreover, PD-1 + CD8 + T cells from SF did not upregulate the whole spectrum of negative costimulatory markers that are typically enriched in exhausted CD8 + T cells (41) . Additionally, they showed increased usage of the glycolytic pathway, which is required to meet the increased bioenergetic demands occurring in effectors but not exhausted CD8 + T cells (25) . This finding, together with the evidence of a proinflammatory and cytotoxic phenotype, rules out the hypothesis that PD-1-expressing CD8 + T cells are exhausted in this context of chronic inflammation, as instead described in cancer and chronic viral infections (11) . Local expansion of PD-1 + CD8 + T cells is most likely driven by TCR triggering, which promoted PD-1 expression in SF-derived PD1-negative CD8 + T cells and also induced their effector profile. Although local PD-1 +
+ T cell expansion may additionally be driven by cytokines promoting homeostatic proliferation (i.e., IL-7 or IL-15), we found only very low levels of these cytokines present in SF (data not shown).
PD-1 is a well-known marker of activation (42), and it has been shown to identify a population of oligoclonal CD8 + T cells jci.org Volume 128 Number 10 October 2018 experienced cells, have undergone tissue-instructed differentiation and clonal expansion, and are actively proliferating toward a cognate antigen, likely a self-antigen. A lot of research is currently directed toward PD-1 agonists as a novel treatment for chronic inflammatory diseases (16, 57, 58) . Halting migration to the site of inflammation or local depletion of resident effector cells showing tissue-specific harmful potential might have additional substantial therapeutic implications in chronic inflammatory diseases.
Methods
Patient characteristics. Patients with JIA were enrolled by the Paediatric Rheumatology Department at University Medical Center Utrecht. Clinical features of patients enrolled in this study are shown in Table  2 . A total of 52 JIA patients were included in this study, 40 with oligoarticular JIA and 12 with polyarticular JIA, according to the revised criteria for JIA (59) . Biological samples were collected, isolated, and stored in liquid nitrogen, then retrospectively selected based on inclusion criteria (age ≤ 18, affected by either oligo-or polyarticular JIA) and exclusion criteria (presence of systemic and concurrent infectious diseases). The average age of the patient population was 11.7 years (range 2.5-23.8 years), and the disease duration at the time of inclusion was 5.8 years (range 0.5-19.5 years). SF was obtained from patients with active disease undergoing therapeutic joint aspiration. Paired blood and joint aspirate samples were collected from 16 patients. PB from adult healthy volunteers (HC, n = 33) was obtained from the Mini Donor Service at University Medical Center Utrecht. PB from 17 healthy children was obtained from a cohort of control subjects for a case-control clinical study. Adult patients (n = 3) affected by AD underwent skin biopsies of lesional and nonlesional skin. Adult patients affected by active Crohn's disease (n = 3) or ulcerative colitis (n = 1) underwent endoscopy for surveillance, and 4 biopsies were taken from macroscopically inflamed colonic mucosa. Cell isolation. SF mononuclear cells (SFMC) were incubated with Hyaluronidase (Sigma-Aldrich) for 30 minutes at 37°C. SFMC and PB mononuclear cells (PBMC) were isolated using Ficoll Isopaque density gradient centrifugation (GE Healthcare Bio-Sciences, AB) and frozen in FCS (Invitrogen) containing 10% DMSO (Sigma-Aldrich) until further experimentation. Intestinal biopsies were incubated for 1 hour at 37°C with 1 mg/ml collagenase IV (MilliporeSigma) in RPMI medium (supplemented with 10% FCS, 100 U/ml penicillin-streptomycin, and 0.2% amphotericin B [Fungizone]), then forcefully resuspended through an 18.5-gauge needle, filtered with a 70 μm cell strainer (Costar), counted, and used for flow cytometry experiments.
Flow cytometry and cell sorting. 200,000 SFMC and PBMC were plated in round-bottom 96-well plates in FACS buffer (PBS containing 2% FCS [Invitrogen] and 0.1% sodium azide [Sigma-Aldrich]) and subsequently incubated with surface antibodies: anti-human CD3 BV510 (clone OKT-3, BioLegend), CD4 Alexa Fluor 488 (clone RPA-T4, BD), CD8 APC-Cy7 (clone SK1, BD), PD-1 PE (EH12.1, BD) and APC (clone MIH4, BD), CD45RA FITC (clone HI100, BD), CD45RO PB (clone UCHL1, Sony Biotechnology), CCR7 APC (clone G043H7, Sony Biotechnology), TIGIT Percp-eF710 (clone MBSA43, eBioscience), CD69 APC (clone FN50, BD), and CD103 FITC (clone 2G5, Beckman Coulter). Cell death was assessed by using Fixable Viability Dye eFluor 506 (eBioscience). For intracellular staining, after surface staining, cells were fixed and permeabilized by using Fixation and Permeabilization Buffers (eBioscience) and stained with anti-human PD-1 expression was found elevated especially on CD69 + CD8 + T cells. Growing literature has described CD69 + T cells localized in tissues as Trm cells, i.e., a subset of experienced T cells stably residing in tissues and providing local protection upon reexposure to pathogens (51, 52) . Features of Trm cells, such as transcriptional profile (29, 30, 32) , partial overlap with tumor-derived CD8 + TIL, expression of typical surface (retention) markers (i.e., CD69 and CD103), downregulation of S1PR1 (33) , and upregulation of specific negative costimulatory markers as well as the cytotoxic enzyme GzmB (29, 30) + T cells appears to be, at least partially, functional ex vivo; however, the soluble form of PD-1 (sPD-1) is present at high levels at this site (54) , thus counteracting PD-1-mediated suppression by blocking interaction with APC, which explains why this subset of effector cells cannot be suppressed at the site of inflammation. We believe PD-1 is a bystander marker of a subset of locally expanding clonal cells that, despite upregulating inhibitory markers (such as PD-1, LAG-3, CTLA-4, TIGIT), cannot be properly halted due to insufficient activity of inhibitory signaling. PD-1 signaling leads to downregulation of PI3K activation and subsequent reduced activation of Akt (55) . Interestingly, Akt has been shown to be hyperphosphorylated in CD8 + T cells derived from SF (8) , indicating that PD-1 signaling is not sufficient to downregulate the PI3K-Akt axis in these cells. It may even be possible that PD-1 signaling prevents the terminal differentiation and death of these cells, as recently shown in a mouse model of chronic viral infection, where the genetic absence of PD-1 led to the accumulation of more cytotoxic but terminally differentiated CD8 + T cells (56) . Using a variety of techniques, in this study, we have shown that PD-1-expressing CD8 + T cells enriched at the site of autoimmune inflammation are not exhausted but rather are antigen-jci.org Volume 128 Number 10 October 2018
way enrichment analysis was performed using ToppGene Suite (62), a publicly available online portal. Pathways were considered significantly enriched when the P value corrected for multiple hypothesis testing using Bonferroni's method was less than 0.05. GSEA (17) was used to assess whether specific signatures were significantly enriched in the PD-1 + or PD-1 -subset. One thousand random permutations of the phenotypic subgroups were used to establish a null distribution of enrichment score against which a normalized enrichment score and FDR-corrected q values were calculated. Gene sets were either obtained by analyzing raw data using GEO2R (NCBI tool) or downloaded from the Molecular Signature Database (Broad Institute software). In particular, the following data sets were used: exhaustion signature, gene set GSE24081; effector CD8 + T cell sig- Ki-67 FITC (clone B56, BD), CTLA-4 APC (clone BNI3, BD), and GzmB FITC (clone GB11, BD). For intracellular cytokine production, cells were first stimulated for a total of 4 hours with PMA (20 ng/ml; MP Biomedicals) and ionomycin (1 μg/ml; Calbiochem); GolgiStop (1/1500; BD Biosciences) was added for the last 3.5 hours of culture. Afterwards, cells were incubated with surface antibodies and then fixed, permeabilized, and intracellularly stained with anti-human GzmB FITC, IFN-γ PE-Cy7 (clone 4S.B3, BD), and TNF-α FITC (clone Mab11, BioLegend). In the gut of IBD patients, cells were stained with CD3 BV510, CD4 APC (clone RPA-T4, eBioscience), CD8α PB (RPA-T8, Sony Biotechnology), TCR-γδ PE (Beckman Coulter), CD69 FITC (clone FN50, BD), and PD-1 Percp-Cy5.5 (clone EH12.2H7, Sony Biotechnology) monoclonal antibodies. In some experiments, after surface staining, cells were sorted by flow cytometry with FACS Aria III (BD Biosciences) to perform additional assays. Whole-transcriptome sequencing and analysis. Total RNA was isolated using the RNAeasy Plus Universal Mini Kit (QIAGEN), as specified by the manufacturer's instructions, and stored at -80°C. RNA yield was assessed by the Qubit RNA BR Assay Kit (Thermo Fisher Scientific), and then integrity was determined by Bioanalyzer. mRNA was selected using the Poly(A) Purist MAG Kit (Life Technologies, Thermo Fisher Scientific, AM 1922) and additionally purified with an mRNA-ONLY Eukaryotic mRNA Isolation Kit (Epicentre). Transcriptome libraries were then constructed using the SOLiD Total RNA-seq Kit (Applied Biosystems, Life Technologies) and sequenced using the 5500 W Series Genetic Analyzer to produce reads that were 40 bp long. Sequencing reads were mapped against the reference human genome (hg19, NCBI37) using BWA (-c -l 25 -k 2 -n 10) (60). Data were analyzed using DEseq2 (61) and custom Perl and R (www.r-project.org) scripts. PCA was performed by selecting variable genes with fold changes between samples on the 15th and 85th quantiles of at least 1 log 2 reads per kilobase million (RPKM) and expression of at least 1 log 2 RPKM in the sample with maximal expression. Hierarchical clustering was performed using unsupervised Pearson's correlation of the variably expressed genes with a minimum of 2 log 2 fold change between samples with the highest and lowest expression and a minimum of 2 log 2 RPKM expression values in the sample with the highest expression. Differentially expressed genes with an adjusted P value of less than 0.05, base mean greater than 2, and log 2 fold change of at least 1 are shown as red dots in log ratio mean average (MA) plots ( Figure 1E ). For K-means clustering, genes with fold change between samples on the 20th and 80th quantiles of at least 1.5 log 2 RPKM and expression of at least 1 log 2 RPKM in the sample with the maximal expression are shown. Path-jci.org Volume 128 Number 10 October 2018
Telomere length. DNA was collected using the AllPrep DNA/RNA Plus Kit (QIAGEN) from PD-1 + and PD-1 -CD8 + T cells from SF-JIA.
Telomere repeats (TTAGGG) (Telomere Length Assay Kit, catalog 12 209 136 001, Roche Applied Science) were quantified using qualitative qPCR. qPCR was modified with synthetic standard of telomere repeats, enabling the absolute quantification of telomere length, which was additionally normalized by the housekeeping gene (36B4), quantified based on the same method (66) . Telomere length is represented according to the absolute number of the quantified bps. Statistics. For more than 2 groups, 1-way ANOVA was used. As post hoc analysis, Bonferroni's multiple comparison test was performed. Two-tailed paired sample t test was used to compare matched samples, while unpaired Student's t test was applied when samples were not matched. Data are shown as mean ± SD. P values below 0.05 were considered significant. Statistical analysis was performed using GraphPad Prism (GraphPad Software).
Study approval. Patients were enrolled after giving written, informed consent either directly and/or from parents/guardians if they were under 12 years of age. For informed consent, the nature and possible consequences of the study were explained. Biological samples were crosssectionally collected through a general Biobank protocol (IRB approval: Pharmachild n.11-499/C). The study was approved by The Medical Research Ethics Committee of University Medical Center Utrecht and was conducted in accordance with the Declaration of Helsinki.
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